We investigated, both experimentally and theoretically, the reflection phase shift (RPS) of onedimensional plasmon polaritons. We launched 1D plasmon polaritons in carbon nanotube and probed the plasmon interference pattern using scanning near-field optical microscopy (SNOM) technique, through which a non-zero phase shift was observed. We further developed a theory to understand the nonzero phase shift of 1D polaritons, and found that the RPS can be understood by considering the evanescent field beyond the nanotube end. Interesting, our theory shows a strong dependence of RPS on polaritons wavelength and nanotube diameter, which is in stark contrast to 2D plasmon polaritons in graphene where the RPS is a constant. In short wave region, the RPS of 1D polaritons only depends on a dimensionless variable -the ratio between polaritons wavelength and nanotube diameter. These results provide fundamental insights into the reflection of polaritons in 1D system, and could facilitate the design of ultrasmall 1D polaritonic devices, such as resonators, interferometers.
I. INTRODUCTION
Reflection phase shift (RPS) of propagating electromagnetic modes at interfaces is a fundamental physical concept. The reflection phenomena of the traditional plane wave propagating in three-dimensional dielectric environment are well described by Fresnel reflection and transmission coefficients [1, 2] . However, RPS of polaritons, which are propagating electromagnetic modes confined in low-dimensional materials, has not received much attention for a long time. With the emergence of low-dimensional materials in recent years, such as graphene, hexagonal boron nitride and carbon nanotube, it has been possible to achieve high quality polaritons in experiments [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , which provides a golden opportunity to study RPS of polaritons in low-dimensional systems. Until now RPS of two-dimensional(2D) polaritons has already been studied [16, 17] . It has been reported that RPS of plasmon polariton in graphene is near 0.25π [17] , which seems anomalous because usually a simple 0 or π phase shift is expected when reflection occurs at edges where there is a sudden disappearance of surface conductivity. This strange RPS can be explained by the Goos-hanchen phase shift and is related to electromagnetic energy stored in evanescent field [16, 17] . RPS of one-dimensional polaritons in ultra-thin 1-D system, however, has rarely been studied yet. Here, we combine infrared nanoimaging and numerical simulation to achieve the RPS of 1-D plasmon polaritons in metallic carbon nanotube, where a non-zero RPS is observed. We further developed a theoretical model to understand the observed nonzero phase shift and found that the RPS is * Electronic address: zwshi@sjtu.edu.cn also related to the electromagnetic energy stored in the near-field beyond the nanotube end, similar to that of 2D plasmons in graphene. Our theory shows that the RPS of 1D polaritons has a strong dependence on the plasmon wavelength, as well as the diameter of carbon nanotube, which is distinct from its 2-D counterparts.
Plasmon polaritons confined in metallic carbon nanotube exhibit extraordinary quality. The 1-D Dirac electron in metallic carbon nanotube preserves its chiral handedness when moving forward [18] . Such chiral electrons are not susceptible to the slowly varied charge impurity potential or acoustic phonons [19, 20] , leading to the elimination of all loss channels in one-dimensional carbon nanotube. Besides, due to the strong correlated state of the electron system, the 1-D plasmons behave as luttinger-liquid plasmons qualitatively differing from classical plasmon excitations [14, 21] . The phase velocities of Luttinger-liquid plasmons are stable, independent of carrier concentration or excitation wavelength. Due to the Luttinger-liquid plasmons in carbon nanotube can simultaneously achieve extraordinary spatial confinement and high-quality factor, the metallic carbon nanotube has become an excellent candidate for studying RPS of 1-D plasmon polaritons.
II. EXPERIMENT
Experimentally we utilized infrared scattering-type scanning near-field optical microscopy (s-SNOM) to large near-field momentum. The excited plasmon wave propagated along the nanotube and was reflected by the nanotube end. The interference between the tip-launched plasmon and the reflected plasmon produced a periodic electromagnetic fields distribution, which modified the intensity of the tip-scattered infrared radiation measured by an HgCdTe detector in the far field. A schematic of near-field excitation and probing is displayed in FIG.1a . Through probing the near-field interference pattern, we can achieve not only the plasmon wavelength but also the phase shift of plasmon reflection. An experimental nearfield nano-imaging of plasmons in a carbon nanotube is shown in FIG.1b.
We systematically investigated RPS of 1-D plasmon polaritons in metallic carbon nanotubes, with the wavelength of incident infrared light ranging from 7.7µm ∼ 9.6µm. FIG.2a shows the near-field image as well as the corresponding AFM topography image, from which the diameter of the nanotube was identified to be 2nm. Also, the AFM topography image allows for location of nanotube end, labeled by a red bar. The oscillating infrared scattering intensity along the nanotube in FIG.2b reveals how the plasmon polaritons get reflected and damped as it propagates. For the sake of an accurate determination of plasmon wavelength λ p and reflection phase shift φ, an oscillator form e −2πx/(Qλp) cos (4πx/λ p + φ) was used to fit the experimental curve, from which we obtain λ p = 91nm and φ = 0.26π for excitation wavelength of 7.8µm. Please note that the plasmon in CNT exhibit an an extraordinary spatial confinement (λ p /λ 0 ∼ 1/100) and a high quality factor (Q > 20), which makes it a promising candidate for future nanoscale photonic de-vices. FIG.2c shows the value of RPS extracted from FIG.2b. (See Appendix for details). We found that an anomalous RPS around 0.2π appeared in this onedimensional system, which deserves further theoretical investigation for its origin. In the following, we showed that this RPS is linked to the evanescent field beyond carbon nanotube end, with a quantitively description of the relation between energy flow of the evanescent field and the corresponding RPS.
III. THEORY AND DISCUSSION
We investigated RPS of one-dimensional plasmon polaritons theoretically using a combination of analytical calculations and COMSOL simulations. We first recreated the reflection phenomena of 1-D polaritons in carbon nanotube system by solving Maxwells equation numerically with COMSOL. Considering the fact that there was no accurate optical conductivity of carbon nanotube reported in previous literatures, we adjusted the optical conductivity of the nanotube to make the simulated plasmon wavelength match with the experimental value for each incident wavelength.(Shown in FIG.3a) This is reasonable because usually there is a one to one correspondence between polaritons wavelength and imaginary part of optical conductivity. And we simultaneously tuned the real part of optical conductivity to obtain long range well-defined interference patterns. In FIG.3a, we display simulated plasmon interference pattern near the end of a metallic carbon nanotube with diameter of 2nm for excitation wavelength at 6.1µm, 7.1µm, 8.2µm, 9.1µm and 10µm from top to bottom panels. Those interference patterns clearly show that the first node is not located at λ p /4 positon, indicating a non-zero RPS. The RPS extracted from those simulation pattern is ploted in FIG.3c, which qualitatively agrees with the experimental data.
To get a deep insight of the anomalous RPS and the corresponding evanescent fields in the system, an analytical calculation was proposed by modeling the reflection problem in an extreme thin cylindrical shell, as shown in FIG.3b . The reflection problem can be dealt with as a boundary problem of the electromagnetic fields at z = 0 plane. The launched plasmon polaritons mode manifests itself as modified Bessel function according to both Maxwells equations and the rotational symmetry of the system.
where H L (r) is the magnetic field of launched polaritons mode, which rotates around the carbon nanotube, k p is polaritons wavevector, and k 0 is excitation wavevector in vacuum. For strongly confined 1-D polaritons in our system, k p is much larger than k 0 . I 1 (K pr r) is modified Bessel function of the first kind, and K 1 (K pr r) is modified Bessel function of the second kind. r 0 is the radius of carbon nanotube. C is an undetermined coefficient, which should be determined by the continuity of z-component of the electric field at r = r 0 . Using the Maxwell equations, the corresponding electric field reads
Considering that only the r-component of electric field was detected in our experiment, we would seek for the launched-reflected polaritons interference in the following form
Where E p r (r, z) is the r−component of the electric field of polaritons, H p θ (r, z) is the θ−component of the magnetic field of polaritons, and R is reflection coefficient. RPS of 1-D polaritons is defined as arg(R). For convenience, the polaritons modes are denoted to be the electromagnetic fields in the region z < 0 [16] ,
Now let us represent the field in the region z > 0 in the form of the Fourier-Bessel expansion
With the aid of boundary conditions in the plane z = 0, we obtain
where G(k) is a dimensionless function, the concrete expression of which can be found in Appendix B.
Integrals in Equ.(9) can be computed numerically. FIG.4a shows the dependence of the calculated RPS on polariton wavelengths for carbon nanotubes with different diameters, and FIG.4b displays the corresponding reflection amplitudes. These results agree well with the former discussion. The reflection amplitudes are nearly equal to unity, in accordance with the fact that the density of states on the polaritons channel is much larger than the density of photonic radiation modes [14, 22] . The slight difference between analytical calculation and simulation in FIG.4c can be attributed to the effect of the highly confined modes, which reflect the complex behavior of electromagnetic fields close to the nanotube end [23, 24] .
For the sake of a better description of RPS of 1-D quantum plasmon polaritons in carbon nanotubes, we further investigate our theory in the short-wave region (k p k 0 ), which is also the region for most quantum plasmon polaritons in carbon nanotubes [14] . When k p k 0 , equ.(9) was reduced to (See Appendix)
D is the diameter of the nanotube. We can see in the short wave region, the reflection coefficient only depends on the ratio between polaritons wavelength and nanotube diameter.
For polaritons in 2-D materials, the reflection phase shift is almost independent with the thickness of materials as long as the thickness is much smaller than polariton wavelength [16, 17] . The RPS of 2-D polaritons is nearly 0.25π in the short-wave region. However, here even in short-wave region the RPS of 1-D polaritons has a strong dependence on the ratio between polaritons wavelength and diameter of the nanotube, as shown in FIG.4d . This is likely due to the difference in geometry of 1-D and 2-D polaritons modes.
It is desirable to investigate the evanescent field in the nanotube system. Previous study of RPS of 2-D polaritons in graphene has shown that the phase shift is related to the evanescent field according to the Goos-Hnchen theory. We believe that anomalous RPS in 1-D system is also related to the evanescent field beyond nanotube end within a few nanometers. A notable portion of electromagnetic energy can be temporally stored in the evanescent fields and then get back reflected to be injected into the polaritons. As a result, the reflected polaritons experience an extra phase shift relative to the launched polaritons [2, 17] . To quantitively characterize the energy transport, we calculated the energy flow of the electromagnetic field in the region z > 0 and predictably found most of the energy cannot be radiated out. (See appendix for details) So in this system,the RPS can be associated with the energy transport process of the evanescent field.
P evane is the energy flow of evanescent field at z = 0 plane andP 0 is time-average energy flow of launched polaritons at z = 0 plane. equ. (11) reveals the connection between RPS (φ) and the evanescent field.
In summary, we have studied the reflection phase shift of 1-D polaritons. Experimentally, we have measured the RPS of 1-D plasmon polaritons in metallic carbon nanotube using s-SNOM technique. Theoretically, we have developed an analytical theory to describe the reflection process of 1-D polaritons. The calculated RPS is consistent with the results from experiment and simulation. We showed that RPS of 1-D polaritons depends on both polaritons wavelength and nanotube diameter. In short wave region for quantum plasmon polaritons in carbon nanotubes, the RPS of 1-D polaritons directly depends on a dimensionless variable, the ratio between polaritons wavelength and diameter of the nanotube. Moreover, we analyzed the energy transport process in the system, and associated RPS with the energy flow of the evanescent field. Similar to 2-D plasmon polaritons in graphene, the RPS in 1-D electrons system also originates from existence of the evanescent electromagnetic field at the nanotube end. These results are essential for a variety of designs and applications of plasmonic resonances, such as novel ultrasensitive sensors, heat concentrating agents in cancer treatment, building blocks of metamaterials, and active elements in all-optical signal processing. 
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Appendix A: Extraction of RPS from experiment
Considering it is the r-component of electric field that was detected in the experiment, from equ.(3) we obtain the near-field intensity measured in FIG.2b is proportional to |e ikpz + Re −ikpz | 2 . Taking account of |R| ≈ 1, the maximum of the near-field intensity appears at z = (φ + 2πn) λp 4π . This means that all required parameters to obtain the RPS are the wavelength of 1-D polaritons, and the distance between a peak and nanotube end. The position of the nanotube end is identified from the topography image (the left in FIG.2a) which is simultaneously obtained during the scanning. The wavelength of polaritons can be determined by measuring the distance between two neighboring peaks in FIG.2b. Eventually, the RPS can be calculated from the following equation,
z peak could be the coordinate of any one of the peaks.
Note that z < 0 in our coordinate system. z 2 and z 3 are the coordinates of the second and third peaks, respectively. n is an integer, which could be selected to set φ in the range 0 ∼ 2π.
Appendix B: Detailed derivation of the analytical model
We will model the reflection problem in an extreme thin cylindrical shell, as shown in FIG.3b . Due to the motion of electrons is forbidden in the direction perpendicular to the carbon nanotube, the plasmon polaritons can almost exclusively generate electric current along the carbon nanotube, while the transverse electric current is nearly negligible. Considering the rotational symmetry of the carbon nanotube, the magnetic field of 1-D polaritons has the form
And the corresponding electric field reads
Using Maxwell's equations, one can obtain the following Helmholtz equation for h(r), 
From the continuity of z-component of the electric field at r = r 0 , we obtain
Considering it is the r-component of electric field that was detected and simulated in our experiment and simulation, we would seek for the launched-reflected polaritons interference in the following form
E p r (r, z) is the r−component of the electric field of polaritons, and H p θ (r, z) is the θ−component of the magnetic field of polaritons. R is reflection coefficient. RPS of 1-D polaritons is defined as arg(R). For simplicity, the polaritons modes are considered to be the electromagnetic fields in the region z < 0,
The boundary conditions in the plane z = 0 read
Combining equations from (B8) to (B15), we have
We project equ.(B17) by J 1 (kr). After integration, we obtain
Combining equations from (B18) to (B23), we have
Combining equ.(B25) and equ.(B27), we obtain an expression for reflection coeffcient R, which is the function of k p r 0 , namely λ p /D, the relative size between polaritons wavelength and nanotube diameter. We can see Σ 1 (z, t) does not depend on time or position, so it represents the constant energy leakage due to the radiation of electromagnetic field. Σ 2 (z, t) fluctuates with z and t, the time average of which is zero. Thus it represents energy flow of the "wave" part of the electromagnetic field. While Σ 3 (z, t) attenuates exponentially with z, which represents energy flow of evanescent part of the electromagnetic field. 
